Any quantum algorithm can be decomposed into a sequence of unitary operations applied to individual qubits (single-qubit gate) and conditional quantum dynamics with at least two qubits. Multi-qubit gates (involving two or more qubits) are synthesized by applying a sequence of elementary unitary operations on a collection of qubits. Each of these elementary operations is often similar, or identical, to what is needed for single-qubit gates, and therefore each elementary operation has to be implemented with an error probability well below the tolerable EPG (error probability per gate) of error correction theory characterizing the full gate operation.
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Basic requirements for quantum information processing have been experimentally demonstrated using electrodynamically trapped ions, and open problems have been identified. Here, we demonstrate single qubit gates with trapped ions that are robust against experimental imperfections over a wide range of parameters. In particular it is shown that errors caused by an inaccurate setting of either frequency, amplitude, or duration of the driving field, or of a combination of these errors are tolerable (in terms of a desired accuracy, or EPG, of quantum gates) when a suitable sequence of radiation pulses, or a shaped pulse is applied instead of, for instance, a single rectangular p-pulse. Thus an essential prerequisite for scalable quantum computation with trapped ions is demonstrated.
The two level quantum mechanical system is realized on the S 1/2 (F=0) fl S 1/2 (F=1, m F =0) qubit transition in 171 Yb + confined in a Paul trap, driven by microwave radiation close to 12.6 GHz. Shaped pulses developed using optimal control theory [1] and composite pulses [2] have been realized that are specifically designed to tackle off-resonance errors, timing errors, or power variations of the driving field. Good agreement is seen between simulated results and the measured ones. Below, the results of two exemplary series of measurements are shown: The left hand grid displays the fidelity of a simple rectangular p/2-pulse as a function of the relative error in detuning, f, and the relative error in amplitude, g of the microwave field driving the qubit transition (f= d/W, where d is the detuning and W is the Rabi frequency. g= Dq/q, Dq = q'-q, q=WT, q'=W'T, where q the desired nutation angle, W' is the generalized Rabi frequency and T the length of the pulse). Each square represents a measured fidelity F on the f-g grid, and a white square indicates a fidelity, F of a such that F/F m >0.90, where F m is the maximum fidelity measured over the entire measurement. The grid on the right hand side results from measurements of the fidelity of a shaped pulse developed using optimal control theory. A comparison of the two experimentally obtained grids clearly shows how robust the shaped pulse is against variations in experimental parameters, and thus allows for implementing quantum gates with low error probability, an important step towards scalable quantum computing with trapped ions.
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